is a desirable oxidant because the only by-product from its reduction is water (1). The largest demand for H 2 O 2 is in the pulp and paper industry (2) . In addition, there are applications for H 2 O 2 in catalytic oxidations (3) such as the epoxidation of propene to propylene oxide (4) . However, the current production process for H 2 O 2 , the anthraquinone process, is complex, energy intensive, and only economic for large-scale productions (5) .
The direct synthesis of hydrogen peroxide (DSHP) from H 2 and O 2 is an appealing alternative that has the potential to enable small-scale integrated production of H 2 O 2 (5) . A commercial DSHP process has not yet been implemented, although Degussa/ Headwaters announced the successful integration of a pilot plant for the DSHP and a pilot plant for the manufacture of propylene oxide in 2005 (6) . García-Serna et al. (7) have discussed the economic viability of a DSHP process in comparison with the existing industrial-scale anthraquinone process.
The primary catalytic challenge for the DSHP is identifying catalysts that can maintain high selectivity for H 2 are also thermodynamically favorable reactions. The optimal DSHP catalyst must therefore selectively produce H 2 O 2 at high rates and preserve H 2 O 2 from decomposition. Pd is widely recognized as the most effective transition metal for the DSHP; however, Pd generally exhibits poor selectivity in the absence of promoters and is highly active for the H 2 O 2 decomposition reactions. Experimental strategies to improve selectivity of Pd-based catalysts include the following (8, 9) : adding strongly coordinating anions (e.g., CN − , Cl − , Br − ) and acids to the solvent; alloying Pd with other noble metals, namely Au or Pt; and controlling the nature of the catalyst support material. The performance of Pd-based catalysts has also been shown to strongly depend on the oxidation state of Pd (i.e., catalyst pretreatment conditions, O 2 :H 2 feed ratio, etc.) (8) .
A common goal in many of these modifications is the minimization of the H 2 O 2 decomposition reactions (reactions 3 and 4) (10). Importantly, H 2 O 2 has been identified as the primary product on Au-Pd catalysts at low H 2 conversion (11, 12) , whereas the subsequent H 2 O 2 decomposition reactions decrease overall yield as the reaction progresses. Experiments also suggest that the active sites for H 2 O 2 synthesis (reaction 1) and decomposition on Pd-based catalysts may be different (12, 13) . In particular, Hutchings and coworkers (14) demonstrated that the H 2 O 2 decomposition reactions on a Au-Pd/C catalyst could be suppressed by pretreating the carbon support with HNO 3 , and this resulted in a stable catalyst with >95% selectivity for H 2 O 2 during the DSHP reaction. A detailed understanding of the active site(s) and elementary reaction mechanisms for these undesired reactions would benefit the identification of improved catalysts. Nonetheless, there is still much work to be performed to elucidate the optimal structure and composition
Significance
The use of hydrogen peroxide (H 2 O 2 ) for catalytic oxidations is limited by the energy-intensive and wasteful process by which H 2 O 2 is currently produced-the anthraquinone process. The direct synthesis of H 2 O 2 (DSHP) is a promising alternative process, yet catalysts active for this reaction (Pd being the most widely studied) are generally hindered by subsequent H 2 O 2 decomposition. Through a combined theoretical and experimental approach, our work (i) provides an understanding of the nature of Pd active sites responsible for H 2 O 2 decomposition and (ii) identifies a single type of elementary step that controls the rate. These structural and mechanistic insights are important for designing improved DSHP catalysts and for developing transitionmetal-catalyzed oxidations that efficiently use H 2 O 2 .
of Pd-based catalysts for the DSHP; some recent important contributions on this front can be found in refs. 11 and 15-18. This paper will focus on the mechanism and the nature of the dominant active site(s) responsible for H 2 O 2 decomposition (reaction 3, with no H 2 present) under conditions relevant to the DSHP process. We highlight key factors that will aid in the identification of improved DSHP catalysts that exhibit minimal H 2 O 2 decomposition activity. These findings are also relevant to transition-metal-catalyzed oxidation reactions that use H 2 O 2 -whether produced in situ or fed as reactant-but whose efficiency may be limited by catalytic H 2 O 2 decomposition (19) (20) (21) (22) .
Materials and Methods
Density Functional Theory. Periodic Pd(111) and Pd(100) slabs were chosen as representative models for the planar surfaces of the supported Pd nanoparticles used in the experiments. Pd(111) and Pd(100) have the lowest surface free energies among the clean Pd facets, and a truncated octahedron minimizes the total surface free energy for Pd particles >3-5 nm based on a Wulff construction (23, 24) . Therefore, in the absence of strong particle-support interactions, both of these Pd surfaces are expected to be in high abundance.
All density functional theory (DFT) calculations were performed using the DACAPO total energy code (25, 26) , using the self-consistent PW91 generalized gradient approximation (GGA-PW91) (27, 28) to describe the exchange correlation energy and potential, and ultrasoft pseudopotentials (29) to describe the ionic cores. Electron density was determined by iterative diagonalization of the Kohn-Sham Hamiltonian, Fermi population of the Kohn-Sham states (k B T = 0.1 eV), and Pulay mixing of the resulting electron density (30). The total energy was then extrapolated to k B T = 0 eV. The Kohn-Sham one-electron valence states were expanded using a plane wave basis with kinetic energy below 25 Ry.
The (111) and (100) metal surfaces were modeled using a slab geometry with a periodically repeated (2 × 2) unit cell and four atomic layers; this corresponds to 1/4 monolayer (ML) coverage of a single adsorbate placed in the unit cell. The surface Brillouin zone was sampled using 18 special ChadiCohen (31) k-points for the (111) slabs, and a (6 × 6 × 1) Monkhorst-Pack (32) k-point mesh for the (100) slabs. All slab layers were fixed for calculations on the (111) slabs [previous calculations show minimal effect of surface relaxation on the calculated energetics for a similar system (33)], whereas the top two metal layers were allowed to relax in the (100) slabs. A distance of 14 Å of vacuum separated successive slabs in the z direction, and adsorption was only permitted on one of the two available surfaces with the electrostatic potential adjusted accordingly (34, 35) . The equilibrium PW91 bulk Pd lattice constant has been calculated previously (33) to be 3.99 Å [experimental value is 3.89 Å (36)]. Calculations involving O 2 were performed spinpolarized.
Binding energies (BEs) are reported based on the total energy of the metal slab with the adsorbate on it (E ads ) with respect to the total energies of the free gas-phase adsorbate (E gas ) and the clean slab (E clean ). All reported DFT results have been corrected for the zero-point energy (ZPE). The minimum energy paths for elementary steps were calculated using the climbing image-nudged elastic band method (37, 38) with at least seven intermediate images, and the transition state was verified by identification of a single imaginary frequency along the reaction coordinate. Vibrational frequencies were calculated by diagonalization of the mass-weighted Hessian matrix and using the harmonic oscillator approximation (39) .
Experiments. A 0.09 wt% Pd/spSiO 2 (spSiO 2 denotes the spherical silica support) catalyst was prepared for reaction kinetics experiments. The spSiO 2 was synthesized by a modified Stöber process (40) described in a previous publication (41) , resulting in spherical silica particles (∼100-200 nm in diameter) with no internal pore structure and a Brunauer-Emmett-Teller surface area of 21 m 2 /g (41) . The Pd was loaded onto the spSiO 2 by vacuum evaporative impregnation (in a rotary evaporator) using a solution of Pd(II) acetate dissolved in dichloromethane. The dried material was reduced in a quartz cell following a procedure described in ref. 42 to promote formation of large Pd particles (average particle size of 5.6 ± 2.4 nm determined from scanning transmission electron microscopy images of the Pd/spSiO 2 catalyst) that better compare with the Pd(111) and Pd(100) DFT models. This heat treatment procedure involved a temperature ramp to 673 K (10 K/min) and 3-h hold at 673 K in flowing H 2 (30 mL/min), followed by cooling to room temperature under flow of Ar (30 mL/min) and passivation with 1% O 2 in Ar. The Pd surface site density was determined by irreversible CO uptake experiments at 300 K, using an apparatus and procedure described previously (43) , and applying a surface stoichiometry of 2:3 for CO:surface Pd atom (42 In a typical reaction, the autoclave was loaded with catalyst, sealed, and purged with Ar. The autoclave was then pressurized to 450 psi with 4% H 2 in Ar (Airgas), and held at 323 K for 1 h to reduce the passivated Pd nanoparticles. After cooling to room temperature, the autoclave was again purged with Ar, pressurized to 115 psi with Ar, and cooled to the desired reaction temperature using a refrigerated bath circulator (ARCTIC A25; Thermo Scientific Initial reaction rates were calculated by fitting a line through a plot of the moles H 2 O 2 consumed versus time for conversions under 15% and normalizing to the total number of Pd surface atoms determined by the CO uptake experiments; all conversion versus time data points were replicated at least two times. The apparent activation energy barrier was determined over a temperature range of ∼25 K, and the apparent reaction order with respect to H 2 O 2 was determined by varying the feed concentration of H 2 O 2 with all other reaction parameters constant. The apparent reaction order with respect to the O 2 product was determined by varying P O2 in the gas phase using a 25% O 2 in Ar mixture, with all other conditions invariant. This mixture was introduced immediately after charging the autoclave with the H 2 O 2 feed, before stirring.
Microkinetic Model. A mean-field microkinetic model was developed to describe the experimentally measured reaction rates, reaction orders, and apparent activation barrier. The model parameters were defined using a procedure described in our previous work (44) (45) (46) , using the ZPE-corrected BEs and activation energy barriers determined through DFT as initial guesses; preexponential factors and entropies were derived from the DFT-calculated vibrational frequencies. The maximum adsorbate coverage permitted was 1 ML, and adsorption/desorption steps were assumed to be quasiequilibrated. In the case that the microkinetic model-predicted adsorbate coverage exceeded the minimum adsorbate coverage in the context of the unit cell used in the DFT calculations (1/4 ML), the DFT calculations were repeated with the appropriate spectator species coadsorbed in the unit cell. Note that, although the experimental measurements were performed in a three-phase system using conditions relevant to a DSHP process, no corrections were made to the DFT calculations to reflect potential interaction with the liquid phase. Further details of the microkinetic model formulation and parameter sets are provided in Supporting Information.
Results
The decomposition of H 2 O 2 has been studied both in the vapor phase (47) and aqueous phase (48) (thermal, noncatalyzed), and over a variety of materials including metal oxides (49-51) and metal ions in solution (52, 53) . Based on these studies, we have compiled an encompassing network of 17 elementary reactions involving four closed-shell species (H 2 O 2 , H 2 O, O 2 , H 2 ) and four surface intermediates (O, H, OH, OOH), which are shown in Table 1 . Elementary reactions are classified as follows: adsorption/desorption, O-O bond scission, dehydrogenation, and hydrogen transfer. Note that the majority of calculations presented below on Pd(111) are based on a previous publication (33) , and these results will not be described in detail here aside from noting key differences between binding properties and reaction energetics on Pd(111) and Pd(100). Reference 54 also presents a subset of DFT results on Pd(100). The "*" appended to a species denotes adsorption at a single surface site, or an unoccupied surface site if the "*" stands alone.
Thermochemistry and Binding Configurations of Reaction Intermediates
on Clean Pd Surfaces. Table 1 summarizes the most stable adsorption sites and binding energies for all surface species on Pd(111) and Pd(100). Images of the individual adsorbates in their preferred binding geometry on Pd(100) can be viewed in Fig. 1 ; refer to ref. 33 for the corresponding images on Pd(111). The Pd(100) facet is more open than the Pd(111) one and binds all intermediates more strongly.
The BE of atomic hydrogen (H*) on Pd(100) is −2.74 eV, only 0.04 eV stronger than its BE on Pd(111). H* preferentially binds to the fcc site on Pd(111) and the hollow site on Pd(100). Furthermore, H* is expected to be mobile on Pd(100), as the BE of H* on a bridge site of Pd(100) is only 0.14 eV less stable than that on the hollow site. Similarly, on Pd(111), the BE of H* constrained to a bridge site is 0.14 eV less stable than that on the fcc site.
Atomic oxygen (O*) has the same site preferences as H* on both Pd(111) and Pd(100). The binding strength of O* on Pd(100) is −3.90 eV, which is 0.26 eV stronger than that on Pd(111). Moreover, O* has a strong preference for the hollow site on Pd(100), with the next best adsorption site (bridge) being less stable by 0.48 eV. On Pd(111), the next best adsorption site for O* is the hcp site, which is 0.15 eV less stable than O* binding to the fcc site.
Hydroxyl (OH*) is often proposed to be the initial intermediate generated during H 2 O 2 decomposition, resulting from homolytic O-O bond cleavage in H 2 O 2 (55) . OH* binds most stably to the bridge site on both Pd(111) and Pd(100) with the O-H bond tilted away from the plane perpendicular to the surface. The BE of OH* on Pd(100) is −2.43 eV, which is 0.40 eV stronger than the BE on Pd(111). OH* binding at the hollow site of Pd(100) is only 0.05 eV weaker than on the bridge site, which is similar to the difference in energy between OH* binding at the fcc site and bridge site on Pd(111) (0.08 eV).
Hydroperoxyl (OOH*) is considered an important intermediate in the DSHP and was identified spectroscopically during the gasphase reaction of H 2 and O 2 on Au/TiO 2 using inelastic neutron scattering (56) . OOH* binds through its nonhydrogenated oxygen atom to a top site on Pd(111) with the hydroxyl group positioned over an adjacent bridge site and the O-H bond pointing away from the surface, whereas OOH* binds through its nonhydrogenated oxygen atom to a bridge site on Pd(100) with the hydroxyl group positioned over an adjacent hollow site and the O-H bond pointing away from the surface. The binding energy of OOH* on Pd(100) is −1.28 eV-stronger than its binding energy on Pd(111) by 0.34 eV. However, the site preference for OOH* on Pd(100) and Pd(111) is weak: on Pd(100), OOH* can also bind to top and hollow sites with less than 0.12 eV difference in binding energy from its most stable adsorption site; on Pd(111), OOH* can also bind through its nonhydrogenated oxygen atom to bridge sites with less than 0.03 eV difference in binding energy from its most stable adsorption site.
Molecular oxygen (O 2 *) has the largest disparity in binding strength between Pd(111) and Pd(100); the BE on Pd(100) is −1.27 eV, which is 0.77 eV stronger than that on Pd(111). O 2 * binds flat on Pd(100) centered over a hollow site, whereas on Pd(111) O 2 * binds across a hcp site with one O atom at a bridge position and the other at a top position. Interestingly, Long et al. (57) (100) is −0.30 eV. H 2 O 2 * also preferentially binds to top sites and adopts the trans configuration on both Pd facets; one oxygen atom is bound to a top site with its hydrogen atom pointing slightly away from the surface plane, and the other oxygen atom is positioned over an adjacent (fcc or hollow) site with its hydrogen atom pointing toward the surface.
Other potential intermediates include aquoxyl (OOHH*, an isomer of H 2 O 2 * with both hydrogen atoms on the same oxygen atom) and trihydrogen peroxide (HOOHH*). Similar to our findings on Pd(111) (33) , neither of these species is stable on Pd(100), i.e., adsorption of aquoxyl and trihydrogen peroxide structures on Pd(100) results in spontaneous decomposition to (O* + H 2 O*) and (OH* + H 2 O*), respectively. separation, unless stated otherwise. H transfer to OH. H 2 O 2 * and OOH* can also directly transfer a H atom to OH*. We calculate that these steps proceed with nearly zero activation energy barrier on Pd(111) and Pd(100). The reaction energy for H transfer from H 2 O 2 * to OH* is weakly exothermic [−0.16 eV on Pd(111) and −0.17 eV on Pd(100)]. The reaction energy for H transfer from OOH* to OH* is more exothermic on Pd(111) (−0.38 eV) than that on Pd(100) (−0.13 eV).
An additional H-transfer step that was explored is H transfer from H 2 O 2 * to O 2 *. This reaction is nearly thermoneutral on Table 2 . Bond lengths (d x-y , in Å) refer to the bond being broken in the forward reaction, as written. Note that in I, the transition state for step 13 involves breaking Pd-O bonds to lift O* from its preferred binding site, followed by spontaneous H transfer from H 2 O 2 * to O*. Pd(111), with a reaction energy of −0.02 eV and an activation energy barrier of 0.20 eV. On Pd(100), the reaction is thermoneutral with negligible barrier.
Catalytic Cycles and Potential Energy Surfaces. Based on the elementary steps above, several mechanisms are available to complete the catalytic cycle on clean Pd facets, as summarized in Fig.  3 : "O*-assisted," "OH*-assisted," "O*+O*-recombination," and "direct dehydrogenation." A complete mechanism for direct dehydrogenation is not shown for simplicity, as both the DFT calculations and microkinetic modeling results suggest that direct dehydrogenation steps are characterized by much higher barriers and therefore not relevant under the reaction conditions explored in this study. The first step in all other pathways is H 2 O 2 adsorption followed by homolytic O-O bond cleavage to form two OH* species. The second H 2 O 2 * species can also adsorb and directly decompose to two OH*; these OH* species can then disproportionate to form H 2 O* and O*-necessitating the recombination of two O* to form O 2 * (O*+O*-recombination mechanism). Alternatively, two channels exist that bypass the thermodynamically unfavorable and highly activated O* recombination step; both involve consecutive H-transfer steps from the second H 2 O 2 molecule to the O*/OH* fragments with retention of the original O-O bond in H 2 O 2 (O*-assisted and OH*-assisted mechanisms).
The potential energy surfaces for all pathways are displayed in Fig. 4 for both Pd(111) and Pd(100). Based on the DFT calculations alone, the O*-assisted and OH*-assisted pathways not only provide the most energetically efficient route to form the products, but are also mutually competitive on both Pd(111) and Pd(100). However, the deep potential wells associated with the strongly bound O*/OH* fragments indicate that there is a strong thermodynamic driving force to populate the surfaces with O*/OH*-especially Pd(100). Therefore, the active surface under reaction conditions may be partially covered by O*/OH*.
Note that on O*/OH*-modified surfaces, there is an increased probability of H transfer from H 2 O 2 * before O-O bond scission; the required O-O bond scission step may then occur in OOH* rather than in H 2 O 2 *, slightly altering the succession of elementary steps proposed in Fig. 3 Initial estimates for microkinetic model rate parameters are derived from the DFT-calculated energetics. The reactor is simulated as a continuous stirred tank reactor. The turnover frequencies for H 2 O 2 decomposition obtained from this model (i.e., the rate of H 2 O 2 converted per surface site) are used to calculate reaction orders and apparent activation barrier for comparison with the experimental data.
The rates, reaction orders, and apparent activation barriers predicted by the microkinetic model were initially in poor agreement with the experimental data when using purely DFT-derived parameters from Pd(111) or Pd(100). We subsequently used sensitivity analysis to identify the sensitive DFT-derived BEs of surface species and transition-state energies. We then fit modelpredicted reaction rates to experimental rates (such that the residual error is less than 20%) by modifying sensitive parameters, constraining the adjustment of parameters such that (i) the deviation between DFT-derived BEs and activation barriers on a given Pd facet and the corresponding values from the microkinetic model should be within the ∼0.1-to 0.2-eV error bars generally attributed to DFT calculations (67) , and (ii) the adsorbate coverage used in the DFT calculations should be consistent with the coverage predicted by the microkinetic model (that is, the solution should be self-consistent with respect to coverage). Next, we present the results from two model solutions that satisfy the above criteria, but differ in both the coverage and identity of the most abundant surface intermediate, and are denoted as the "O*-coverage solution" and the "OH*-coverage solution." O*-coverage solution. Fig. 5A shows a parity plot comparing the experimental H 2 O 2 decomposition rates with the microkinetic model predictions for the O*-coverage solution [initial estimates of parameters are derived from DFT calculations on clean Pd(111), and Supporting Information provides details of the parameter adjustments used to obtain this solution]. There is good agreement between model-predicted and experimental reaction rates, and the microkinetic model is able to accurately reproduce the experimental activation barrier and reaction orders ( Table 4 ).
The microkinetic model predictions for the surface coverage for the most abundant intermediate, O*, range from 0.13 to 0.16 ML (Fig. 5B) , with the remaining sites being vacant. Marginal changes to the clean surface energetics are expected from adsorbate-adsorbate interactions at such low O* coverage (68) , and furthermore this adjusted parameter set compares well with the DFT-derived parameters on clean Pd(111); the maximum deviation in binding energy or activation barrier is a 0.24 eV destabilization of the binding energy of O 2 * on Pd(111). Therefore, a partially O*-covered Pd(111) surface is a plausible representation of the active site for H 2 O 2 decomposition.
On the other hand, DFT-derived parameters on Pd(100) deviate significantly (>0.35 eV for OH*, OOH*, and O 2 *) from this O*-coverage solution parameter set. Pd(100) binds intermediates too strongly, and the low predicted O* coverage is not expected to destabilize intermediates on Pd(100) sufficiently for consistency with the O*-coverage solution parameters.
The O*-coverage solution predicts that the dominant reaction pathway is the O*-assisted pathway shown in Fig. 3 (sequence of elementary steps from Table 2: 1, 5, −12, 2, 1, 13, 16, 2, 3) , with some reaction flux through the parallel OH*-assisted pathway (sequence of elementary steps from Table 2: 1, 5, 1, 14, 2, 16, 2, 3) . The rate of O* recombination to form O 2 * is negligible, and dehydrogenation reactions are also inactive (atomic H is only transferred between surface intermediates). The kinetic relevance of each elementary step was also analyzed using Campbell's degree of rate control (69, 70) :
, where k i and K i,eq are the rate constant and equilibrium constant for step i, and r is the overall reaction rate. O-O bond scission in H 2 O 2 * (step 5 of Table 2 ) carries the highest degree of rate control over the reaction conditions examined, shown in Table  5 ; the remaining rate control is distributed between the subsequent H-transfer reactions. OH*-coverage solution. Using the DFT calculations on clean Pd(100) to derive initial estimates of parameters, a second solution was identified that also gave agreement with the experimental data set ( Fig. 5C and Table 4 ). In this case, the model-predicted surface coverage is ∼0.5 ML of OH* (Fig. 5D) and is therefore not selfconsistent with the clean Pd(111) and Pd(100) surface models used in the DFT calculations. To ensure a solution self-consistent in coverage, we recalculated the binding energies of surface intermediates and the activation energy barriers for steps carrying significant reaction flux (as predicted by the OH*-coverage solution) in the presence of 0.5 ML of OH* spectators, i.e., two OH* were added to the unit cell and allowed to relax in the DFT calculations. The DFT-derived parameter set for the OH*-modified Pd(100) surface is found to be in close agreement with the adjusted parameter set from the OH*-coverage solution (BEs shown in Table 6 , with further details in Supporting Information). The DFT calculations show that 0.5 ML of OH* destabilizes most intermediates and transition states investigated on Pd(100) relative to the clean Pd(100) calculations. The binding energies of O*, OH*, O 2 *, and OOH* are weakened by >0.5 eV, whereas the binding energies of H*, H 2 O*, and H 2 O 2 * are not significantly affected. In addition, the activation energy barriers for O-O bond breaking in OOH* and H 2 O 2 * increase by 0.39 and 0.56 eV, respectively. Activation energy barriers for H transfer from H 2 O 2 * or OOH* to OH* or O* remain small (<0.2 eV). The maximum deviation in binding energy or activation barrier between the OH*-coverage solution and DFT calculations on OH*-modified Pd(100) is a 0.18-eV decrease in the activation Reported experimental error is the SE from linear regression. † Subsequent catalyst batches yielded reaction orders and an apparent barrier within ∼15% of the values reported here.
barrier for O-O breaking in OOH*. Therefore, OH*-modified Pd(100) also appears to be a feasible representation of the active site for H 2 O 2 decomposition on Pd.
The dominant reaction pathways predicted for the OH*-coverage solution are shown in Fig. 6 . At high OH* coverage, immediate H transfer from H 2 O 2 * to OH* is predicted to be nearly quasiequilibrated (step 14 of Table 2 ). The O-O bond breaks in OOH*, and this step carries the highest degree of rate control (Table 5) . Hydrogen transfers from OOH* to OH* (step 16 of Table 2 ) and from OOH* to O* (step 15 of Table 2 ) carry the remaining reaction flux to form O 2 * and H 2 O*; hydrogen transfer from H 2 O* to O* (step 12 of Table 2 ) is also nearly quasiequilibrated.
Discussion
The microkinetic modeling results suggest that both the closepacked Pd(111) and more open Pd(100) facets can contribute to the total H 2 O 2 decomposition activity. Furthermore, on both Pd facets, all reaction flux is predicted to go through an O-O bond breaking step (in either H 2 O 2 * or OOH*), followed by successive H-transfer steps to O*/OH* adsorbates. The relevant surface coverage of O*/OH* is then a function of the ability of the Pd surfaces to generate the O*/OH* fragments through O-O bond breaking [which can vary strongly with surface coverage, as seen from calculations on the OH*-modified Pd(100)], and the availability of H-donating species (H 2 O 2 * and OOH*) to reduce O*/OH* to H 2 O* through the rapid H-transfer reactions. This mechanism is comparable to the redox mechanism discussed in refs. 65 and 71. The direct dehydrogenation and O*+O*-recombination pathways (Fig. 3 ) are predicted to be inactive over all experimental conditions examined.
Although H-transfer steps carry some degree of rate control in the microkinetic model solutions, the DFT calculations show that the activation barriers for these steps are nearly insensitive to the surface structure of the Pd substrate. Interestingly, experimentally measured activation energy barriers for the gasphase H-transfer reactions of H 2 O 2 or OOH• to OH• or O• radicals are also readily accessible (<0.2 eV) around room temperature (72) . The action of the metal substrate is then to generate the O*/OH* species through O-O bond breaking, and localize the H-transfer event to the surface. H 2 O 2 *, OOH*, and H 2 O* are mobile on both Pd(111) and Pd(100) based on the small differences in binding energies among the available binding sites and therefore can diffuse across the Pd surface to find-and react with-the O*/OH* fragments. Additionally, we note that O* strongly prefers the threefold and fourfold hollow sites on Pd(111) and Pd(100), respectively; and O* must be lifted slightly from its preferred binding site to accept a H atom. This behavior is reflected in the low activation energy barrier generally calculated for H transfers to O*, compared with the virtually zero barrier calculated for H transfers to OH*-which is more accessible at its most favorable binding site (bridge site) on Pd(111) and Pd(100).
Breaking of the O-O bond in either H 2 O 2 * or OOH* carries the majority of rate control, suggesting that strategies to reduce H 2 O 2 decomposition activity must focus on tuning surface reactivity toward the O-O bond. Retention of the O-O bond in dioxygen species is generally acknowledged to be a key factor in the selective synthesis of H 2 O 2 by the DSHP both in theoretical (33, 73, 74) and experimental literature (8, 12, 64, 75) (83, 84) . Last, the presence of H 2 in the reactor feed (not considered in the present work) has been shown to enhance the overall H 2 O 2 decomposition activity over Pd-based catalysts (66, 85 Table 5 . Degree of rate control (X RC ) calculated for kinetically relevant reaction steps for reaction condition 3 of Table 3 No.
Elementary step Microkinetic models based on two parameter sets are able to describe the experimental data for a SiO 2 -supported Pd catalyst: the first set corresponds to a Pd surface partially covered in <0.2 ML of O*, and these adjusted parameters are consistent with the DFT-derived parameters on clean Pd(111); the second set corresponds to a Pd surface covered in ∼0.5 ML of OH*, and these adjusted parameters are consistent with the DFT-derived parameters on a Pd(100) surface with OH* spectators. Therefore, the microkinetic model suggests that both Pd(111) and Pd(100) can contribute to H 2 O 2 decomposition activity. Experimental identification of dominant surface species during H 2 O 2 decomposition on Pd might be realized by in situ X-ray photoelectron spectroscopy measurements in a similar manner to work performed on Pt for the oxygen reduction reaction (88) .
Consistent with the insights from DFT calculations, the dominant reaction pathways involve O-O bond breaking in either H 2 O 2 * or OOH* followed by H-transfer reactions between various reaction intermediates. Breaking of the O-O bond is identified as the key parameter governing H 2 O 2 decomposition activity, because this step carries the highest degree of rate control. Table 2 .
